Recent satellite determinations of global distributions of absolute gravity wave (GW) momentum fluxes in the lower stratosphere show maxima over the summer subtropical continents and little evidence of GW momentum fluxes associated with the intertropical convergence zone (ITCZ). This seems to be at odds with parameterizations for GW momentum fluxes, where the source is a function of latent heating rates, which are largest in the region of the ITCZ in terms of monthly averages. The authors have examined global distributions of atmospheric latent heating, cloud-top-pressure altitudes, and lower-stratosphere absolute GW momentum fluxes and have found that monthly averages of the lower-stratosphere GW momentum fluxes more closely resemble the monthly mean cloud-top altitudes rather than the monthly mean rates of latent heating. These regions of highest cloud-top altitudes occur when rates of latent heating are largest on the time scale of cloud growth. This, plus previously published studies, suggests that convective sources for stratospheric GW momentum fluxes, being a function of the rate of latent heating, will require either a climate model to correctly model this rate of latent heating or some ad hoc adjustments to account for shortcomings in a climate model's land-sea differences in convective latent heating.
Introduction
It has long been recognized that a principal source for gravity waves (GWs) in the tropics is latent heating (e.g., Holton 1972) . In recent years, there have been several efforts to incorporate meteorologically interactive GW sources in climate models. The earliest such effort to do this was in the context of incorporating a variety of meteorologically interactive GW sources by Rind et al. (1988) in a Goddard Institute for Space Studies (GISS) climate model. This was before any global observations on GW momentum fluxes were available to put observational constraints on these GW specifications. This situation has now changed, with the first comprehensive effort comparing GW momentum fluxes in climate models to those derived from observations being recently published by Geller et al. (2013) . They noted several similarities and differences between the GW momentum fluxes in models and those from observations and suggested that many of these differences could be attributed to the rather crude specifications of GW sources in models.
In particular, Geller et al. (2013) noted that primary maximum absolute momentum fluxes derived from satellite observations occur at winter high latitudes while secondary maxima are located at about 208 latitude over the summer tropical continents, rather than at the latitudes of the intertropical convergence zone (ITCZ), where latent heating of the atmosphere is maximum. It is clear that wind filtering must be playing a large role in the distribution of GW momentum fluxes in the lower stratosphere since the models that had specified globally uniform GW momentum flux (GWMF) sources (HadGEM3 and MAECHAM5) and one that had a notional ITCZ GWMF source (GISS; Geller et al. 2011, their Fig. 7) show no obvious ITCZ signature, and it is also clear that both high-resolution models, CAM5 and Kanto, that seek to explicitly resolve most of the GWs, as well as the satellite observations, show strong maxima in GWMFs over the summer tropical continents, centered at about 208 latitude.
2. Tropical convection gravity wave sources: Some background Rind et al. (1988) used a similar formulation for convectively forced GWs as they used for topographically forced GWs, but in the convective case they specified the amplitude of the convective source GWMF to be proportional to the vertically integrated cloud mass flux squared. They specified the GW phase velocities to be the vertically averaged wind over the convecting region and that wind 610 m s 21 ; however, when the convection penetrated the 400-hPa level, they launched additional GWs with a mean wind 620 and 640 m s 21 .
Those waves were presumed to propagate in the direction of the vertically averaged wind over the convecting region. Rind et al. (1988) used the Lindzen (1981) formalism for wave breaking in their GW parameterization, and they allowed for finite vertical propagation times by following the waves' group velocities. Two recent efforts to develop convective GW parameterizations for use in climate models have been those of Chun and Baik (1998) and Beres (2004) . Both have their GW generation as a function of latent heat released in convective systems. The Chun and Baik (1998) parameterization has been incorporated into the National Center for Atmospheric Research Community Climate Model (NCAR CCM3) by Chun et al. (2004) . Their GWMFs were found to be concentrated above the ITCZ, since that was where the model latent heat release was greatest (see their Fig. 3 ).
Chun and her colleagues have continued development of parameterizations for the sources of convectively generated GWs since the Chun and Baik (1998) work. Song and Chun (2005) pointed out how wind shear and resonance effects can alter the distribution of cloud-top convectively generated GWMFs so that the distribution of the resulting GWMFs may not reflect the distribution of the latent heating due to these wind shear and resonance effects. Song and Chun (2008) considered the fact that GW energy propagates according to the GW group velocity, whereas almost all current GW schemes have the GW effects acting at all levels simultaneously for each model time step. A simplified version of the Song and Chun (2008) scheme, in which the GW group velocity effects (their ray-based treatment), ignoring horizontal propagation, has been implemented in the Whole Atmosphere Community Climate Model (WACCM) by Choi and Chun (2013) , and their Fig. 2 shows how different the resulting GWMFs are from the latent heating distributions that are in the GW source term. This difference must arise from the wind shear and resonance effects only, since fluxes are shown at cloudtop levels in that figure.
The Beres (2004) parameterization has been implemented in the NCAR WACCM by Beres et al. (2005) and also by Richter et al. (2010) . Again, their GWMFs are maximum in the ITCZ region, as may be seen in Fig. 5 in Beres et al. (2005) and Fig. 2 in Richter et al. (2010) .
Thus, most recent efforts to implement GWMF sources in climate models that are consistent with the model-produced convection have specified these wave momentum flux sources to follow the latent heat release resulting from the model's subgrid-scale convective parameterizations. The exception to this is the more complicated implementation of Choi and Chun (2013) , but even in that paper, there is little evidence of the GWMF maxima being centered over the summer continents at about 208 latitude, as is observed and simulated by GW-resolving models.
Guidance from observations
We have produced comparison plots of monthly mean rainfall rates from the TRMM satellite, which are roughly equivalent to latent heat release maps (Tao et al. 2006 ), cloud-top-pressure maps from the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument on the Aqua satellite, and absolute GWMF maps from the High Resolution Dynamics Limb Sounder (HIRDLS), derived using the methods of Alexander et al. (2008) for January 2006 , 2007 and for July 2005 , 2006 , and 2007 . Figure 1 shows these plots for January 2006, and Fig. 2 is for July 2006. The other plots are available in the electronic supplement to this paper. Given that convective rainfall over land has a much larger diurnal variation than over the ocean (e.g., Nesbitt and Zipser 2003) , it is important to note the local times at which these measurements were made. TRMM has an orbit that is non sun synchronous and covers latitudes from 358S to 358N. Therefore, over 1 month, TRMM data cover all local times. MODIS, on Aqua, has its ascending orbit equatorial time at about 1330 local time (LT). Finally, HIRDLS measurements are obtained at the equator at approximately 0100 and 1500 LT (see http://www.eos.ucar.edu/hirdls/data/products/ HIRDLS-DQD_V7-1.pdf).
Looking at the HIRDLS-derived absolute momentum fluxes in both Figs. 1 and 2, one sees two regions of largest momentum fluxes. The largest absolute GWMFs are seen in a zonal band at winter high latitudes, but since we are focusing on convective forcing of GWMFs in the tropics, only a small region of large momentum fluxes are seen extending a little southward of 408N in Fig. 1 and a bit northward of 408S in Fig. 2 , but this region of large GWMFs extends to much higher latitudes (Geller et al. 2013) . Here, we focus on the secondary maxima that are seen in a zonal band in the summer hemisphere centered a bit equatorward of 208S in Fig. 1 and at or a bit poleward of 208N in Fig. 2 , with maximum values associated with the continents at those latitudes.
Note that the rainfall rates (a proxy for the atmospheric latent heating) are maximum in the latitudinally thin regions of the ITCZ over the Atlantic and Pacific Oceans, which are slightly north of the equator in January. Other regions of significant latent heating in January are seen over the western Pacific-Indian Ocean-Indonesianorthern Australia region that bifurcates into two bands extending over the tropical Pacific Ocean a little equatorward of 108N and between about 108 and 308S sloping southeastward and over South America at latitudes of 08-308S. In July, rainfall maxima are seen over the ITCZ in the Asian monsoon regions, with weaker precipitation in a region extending from the warm pool region southeastward to about 408S in the eastern Pacific and over the Gulf Stream and Kuroshio warm-current systems, with regions of somewhat weaker latent heating over northern South America and central Africa.
Regions of high clouds with cloud-top pressures higher than 400 hPa are seen in January around 208S, and to a lesser extent in a band around 208N, over South America, in a region mostly between 108 and 208S over southern Africa and extending into the southern Indian Ocean, and in a band centered on the equator over the Indonesian warm pool region, but extending eastward over northern Australia and to the equatorial midPacific region. In July, highest clouds are seen over the Asian monsoon regions and over the Himalayas, with a smaller, secondary maximum associated with the North American monsoon region, all centered at about 208N. There are also seen somewhat lower, but still high, clouds over central Africa and over the Arabian Peninsula.
It is quite clear from Figs. 1 and 2 that the HIRDLS GWMFs more closely resemble the distribution of high clouds (with tops higher than 400 mPa) in these January and July plots than they do the rainfall rates, which are proxies for the latent heating distributions, in that no signature is seen of the ITCZ over the oceans, for example. Of course, in most cases, the ITCZ being the exception, deep convection is also associated with intense rainfall. The cloud-top-pressure data include all cloud types, not just deep convective cloud; hence there are also some instances where high clouds are not associated with either large gravity wave momentum fluxes or high precipitation rates, such as in January over Africa at 208N. In the following section, we look further into these comparisons.
Discussion of results
A first thing to note is the different local times of the rainfall rates from TRMM, the cloud-top pressures from Aqua MODIS, and the derived absolute GWMFs from the HIRDLS instrument on the Aura satellite. Nesbitt and Zipser (2003) indicate that rainfall in the tropics has a much larger diurnal variation over land (about 125% variation) than over ocean areas (about 30% variation). Moreover, this difference is even greater if one looks at very deep convective rainfall events (Liu and Zipser, 2005) , where the variation is more like a factor of 13 over land and a factor of less than 2 over ocean regions.
A second thing to note is that there is abundant evidence that, despite the fact that largest rainfall rates (and latent heating) occur over the ITCZ in oceanic regions, the most active deep convection tends to occur over land areas. This has been shown by Williams and Stanfill (2002) , where, among other evidence, they show that the updraft speed at all levels was greater by factors of 2-4 during the Thunderstorm Project (over land) than during GATE (over the ocean). This land-sea difference in active convection has also been shown by Liu and Zipser (2005) . They showed that the seasonal variation of the occurrences of tropical convection overshooting through a reference altitude of 14 km more closely resembles the cloud-top pressures in Figs. 1b and 2b and the GWMFs in Figs. 1c and 2c than they do the precipitation rates in Figs. 1a and 2a. This is also true for the most intense precipitation features measured by TRMM, as shown by Zipser et al. (2006) . Also, Cecil et al. (2005) showed that very low brightness temperatures due to strong ice scattering are about an order of magnitude larger over land than over the ocean. Finally, Kim and Alexander (2013) have shown that TRMM data show more high-frequency variability over the tropical continents than over the ITCZ, which seems consistent with the higher clouds and larger GWMFs over those continental regions.
While the results shown in this paper suggest that it is the more active convection that provides most of the 
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forcing for stratospheric GWs rather than the timeaveraged latent heating, there are some technical issues related to the satellite-derived GWMFs that need to be examined. One issue is the previously mentioned diurnal variation of active convection. If the timeaveraged latent heating is similar over ocean areas and over continents, as is the case in Fig. 1a over the ITCZ in the Atlantic and over northern South America, for example, the much greater diurnal variation in active convection over land than over ocean implies that the peak latent heat release over land must be greater, which in turn might imply greater lower-stratosphere GWMFs over the land area, since the rates of latent heating on the cloud time scales are greater over land areas. This can and should be checked by examining the GWMFs separately for the morning and afternoon HIRDLS measurements. One should be careful in doing this, however, since the HIRDLS team has indicated that there may be some differences between upscan and downscan results (http://www.eos.ucar.edu/hirdls/data/ products/HIRDLS-DQD_V7-1.pdf). Of course, one should account for the propagation times of the GWs from their source to the lower stratosphere, but still this comparison would be interesting. Another issue is the satellite sampling implied by the HIRDLS observational pattern (see Figs. 2.1 and 2.2 at http://www.eos.ucar.edu/hirdls/data/products/HIRDLS-DQD_V7-1.pdf). The observational sampling is more meridional in the tropics than at higher latitudes, but this difference is not great between 208S and 208N, so this would not seem to give rise to substantial sampling differences between these latitudes unless the GWs from the ITCZ reaching the stratosphere have much greater zonal propagation than those forced by convection over the continents. Also, Choi et al. (2012) argue that the subtropical GWs forced by convection have larger vertical and horizontal wavelengths than do the waves in deep tropics. That would make the subtropical GWMFs easier to derive from satellite observations. Another potential issue is that Bergman and Salby (1994) found that the Eliassen-Palm fluxes inferred from their satellite imagery of convection had maxima near the equator for shorter-period waves and maxima near 108-208 for longer-period waves.
It should be noted, however, that subtropical GW activity from several satellite instruments with different diurnal coverage and wavelength sensitivities also show similar subtropical maxima. Larger GWMFs in the subtropical regions than in the tropics were also observed by the Cryogenic Infrared Spectrometers and Telescopes for the Atmosphere (CRISTA; Ern et al. 2004 ) and the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument (Ern et al. 2011) . Large temperature or radiance variances due to the GWs in the subtropics were found by the Microwave Limb Sounder (MLS; Jiang et al. 2004) , the Cryogenic Limb Array Etalon Spectrometer (CLAES; Preusse and Ern 2005) , and the Atmospheric Infrared Sounder (AIRS; Choi et al. 2012) . Of these, MLS and AIRS focus on shorter horizontal and longer vertical wavelengths carrying larger GWMF, and both MLS and AIRS exhibit much stronger GW variances in the subtropics than in the equatorial region and no particular enhancement over the ITCZ is found. All of these instruments use different viewing geometries and local times. For instance, MLS and CLAES on the Upper Atmosphere Research Satellite (UARS) cover a whole diurnal cycle during approximately 30 days, combining ascending and descending orbit nodes. While the investigation of local time dependencies promises more insight to the forcing mechanism, the consistency of all these observations provides evidence that the contrast between tropical and subtropical GWMFs as such is neither an effect of local time nor of observation geometry. This suggests that the ''observational filter'' problem (Alexander 1998) might not be responsible for the satellite-derived subtropical maximum in GWMFs.
Finally, although the GWMFs are shown as being at an altitude of 20 km, the methodology for deriving these fluxes uses information from a much deeper layer in that this deeper layer is used to obtain the vertical wavelengths. This raises the possibility that the quasi-biennial oscillation (QBO) might be filtering out more zonally propagating waves near the equator than at 208. This can be checked by performing simulation experiments with assumed GW spectra.
With these caveats, the results shown in Figs. 1 and 2 and also the results for additional years in the electronic supplement, taken together with the references in this section, imply that the maximum convective forcing of GWs occurs in connection with the most active, or intense, convection rather than with the maximum timeaveraged latent heating.
Some implications
Some impressive research has shown that linear treatments for the thermal forcing of GWs from latent heat release in convective systems give a spectrum of GWs that agrees quite well with the results from fully nonlinear, cloud-resolving, mesoscale modeling of those systems [e.g., see Fig. 7 in Song and Chun (2005) ] and those linear treatments have served as the basis for parameterizations of convectively forced GWs in global models (e.g., Song et al. 2007; Richter et al. 2010 ).
All of these convective treatments, however, take the velocity perturbations u 0 and w 0 to be proportional to Q, the rate of diabatic heating from latent heat release from the model's convective parameterization. Thus, the GWMF r 0 u 0 w 0 should be proportional to Q 2 , where the overbar indicates averaging with time. If Q consists of its average value Q plus its fluctuations Q 0 , then Q 2 5 Q 2 1 Q 0 2 . Now, in a climate model with GW parameterizations, the diabatic heating over a grid element will be Q, where the averaging is over the area of the computational grid box and over the time step between convective physics calls.
As discussed at length in the previous section, TRMM data indicates that convection is significantly more active over the summer, tropical continents than over the ITCZ. This is manifested in higher clouds, greater updrafts, and greater higher-frequency variances in the rainfall and, thus, in the fluctuating diabatic heating.
The spectrum of convectively forced GWs has been determined by several mesoscale modeling studies and is likely well determined, but the amplitudes are more uncertain since these parameterizations are based on the thermal forcing from the climate model and information on time-varying latent heating from cloud processes and the subgrid-scale spatial variation of the latent heating is lacking in these climate models. Mesoscale models might be able to provide guidance for the adjustment of parameterizations for convectively generated GWs to adjust for the differences in the wave generation over the tropical oceans from over tropical continents, or such guidance might be obtained from the analysis of Kim and Alexander (2013) in the spatial and temporal distribution of the TRMM rainfall variances. The stochastic parameterization of Lott and Guez (2013) seems an attractive framework for incorporating this type of information for differences in GW generation over tropical oceans and continents.
It is interesting that in Choi and Chun (2013) , the horizontal distribution of GWMFs differ from that of the latent heating forcing. Choi and Chun (2013) indicate that this is due to wind filtering as well as their treatment of resonance effects. Another aspect of the Choi and Chun (2013) treatment of convectively forced GWs is that they consider the finite vertical propagation times for GWs, whereas in most other GW treatments, the effects of GWs are instantaneously felt throughout the atmospheric column, corresponding to infinite GW vertical group velocities.
Finally, and perhaps most importantly, the parameterizations for convective GW sources in climate models are dependent on the results of the climate models' convective parameterizations, and these often do not produce results in agreement with observations. Dai (2006) indicates that in the 18 climate models he analyzed, there was too much (.95%) convective precipitation at most of the low latitudes relative to stratiform precipitation, whereas TRMM observations indicate that only about 45%-65% of the total precipitation is convective in these regions. He also indicates that the diurnal variation of precipitation in these models is not in good agreement with observations.
The results shown in Figs. 1 and 2 , together with the cited research, suggest that the following aspects of the convection in climate models should be checked against observations: How does the ratio of convective to stratiform precipitation compare with observations? How does the land-sea contrast in deep convection compare with the observed land-sea deep convection contrast? How do the diurnal variations over land and ocean areas compare with observations?
The approximate agreement between GWMFs over the summer tropical continents and the regions of deepest convection suggest that GW forcing from convection is dominated by those regions where the rates of latent heating are largest on cloud time scales. In those regions, the clouds are highest, and the GWMFs are largest. A recent paper by Ern et al. (2014) shows good agreement between implied momentum forcing by the convergence of the absolute GWMF in the tropical stratosphere and that required to force the quasi-biennial oscillation (QBO) in the ERA-Interim. There are three issues that need to be examined here. One is that Geller et al. (2013) have shown that it is not the absolute GWMF that accelerates the mean zonal wind. Rather, it is the vector momentum flux that enters into the equations of motion. It is also shown in Geller et al. (2013) that the absolute GWMF, derived from satellite data, seems to fall off too quickly with increasing altitude. Finally, it is unclear how subtropical GWMFs leaking into the deep tropics might act to force the QBO.
